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In the adrenal gland, adrenocorticotropin (ACTH) acting
through the cAMP protein kinase (PKA) transduction pathway
is themain regulator of genes involved in glucocorticoid synthe-
sis. The prolactin (PRL) receptor is expressed in the adrenal
cortex of most mammals, but experimental proof that PRL
ensures direct control on glucocorticoid synthesis in rodents
remains elusive. To unravel the physiological importance of
PRL in adrenocortical functions, we measured steroidogenic
capacity of Prlr-deficient mice (Prlr�/�) and explored the influ-
ence of JAK/STAT signaling, the major PRL transduction path-
way, on the steroidogenic activity of adrenocortical cell cultures.
We demonstrate that lack of Prlr does not affect basal (nor
stress-induced) corticosterone levels in mice. PRL triggers
JAK2/STAT5-dependent transcription in adrenal cells, but this
does not influence corticosterone release. In contrast, pharma-
cological or siRNA-mediated inhibition of JAK2 reveals its
essential role in both basal and ACTH/cAMP-induced steroid-
ogenesis. We demonstrate that nuclear JAK2 regulates the
amount of active transcription factor CREB (cAMP response
element-binding protein) through tyrosine phosphorylation
and prevention of proteasomal degradation, which in turn leads
to transcriptional activation of the rate-limiting steroidogenic
Star gene. Hence, we describe a novel link between PKA and
JAK2 by which nuclear JAK2 signaling controls adrenal steroid-
ogenesis by increasing the stability of CREB.

Acute and chronic adrenal cortex steroidogenesis is regu-
lated mainly through the adrenocorticotropin (ACTH) activa-
tion of the cAMP-dependent protein kinase A (PKA) signaling

pathway. Chronic response to ACTH results in increased tran-
scription of genes encoding steroidogenic enzymes and the
proteins responsible for cholesterol mobilization and trans-
port, such as the steroidogenic acute regulatory protein
(STAR),4 which mediates the rate-limiting and regulated step
in steroidogenesis. cAMP-induced PKA activations result at
least in thephosphorylationof the transcription factorsGATA-4-
binding protein, steroidogenic factor 1 (SF1), CAAT enhancer-
binding protein (C/EBP) and cAMP response element-binding
protein (CREB). These in turn stimulate transcription of genes
involved in steroidogenesis (1, 2). The cAMP-responsive unit of
the mouse Star proximal promoter (�110 and �67 bp) is a
prototypical sequence that involves multiple DNA binding
motifs for these transcription factors including three CRE half-
sites that can bind CREB (2–4).
Although cAMP is an essential inducer of steroidogenesis,

othermechanisms triggered by paracrine and endocrine signals
have been involved in the regulation of steroid synthesis in basal
or stress-induced conditions. They can either act indepen-
dently or in synergy with the PKA signaling (5). Prolactin (PRL)
is a stress-related protein that has been reported to enhance
aldosterone and glucocorticoid production in variousmamma-
lian species including rat, guinea pig, mouse, pig, and human
(6–12). A direct action of PRL on adrenal function has been
speculated, on the basis of the PRL receptor (PRLR) expression
in adrenocortical cells (12, 13). An indirect action of PRL via
increased luteinizing hormone (LH) receptor expression in
mouse adrenal cortex has also been reported (14). Downstream
from the PRL receptor, a class 1 cytokine receptor member, the
Janus kinase-signal transducer and activator of transcription
(JAK/STAT) signaling is the best characterized of the PRL
transduction pathways. Through the binding to its membrane
receptor, PRL induces activating changes in the intracellular
domain of the PRLR. These trigger autophosphorylation of the
JAK2 kinase, phosphorylation of the PRLR and recruitment and
phosphorylation of STAT5a/b. Activated STAT proteins
homo- or heterodimerize and translocate to the nucleus where
they bind to the �-interferon-activated site element to promote
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d’Auvergne and Agence Nationale pour la Recherche Grants ANR06-
MRAR-007 and ANR08-GENOPAT-002, Région Auvergne.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S4 and Table S1.

1 Both authors should be considered joint first authors.
2 To whom correspondence may be addressed: CNRS UMR6247, Génétique
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transcription of target genes (15, 16). Alternatively, once acti-
vated, JAK also phosphorylates various cytokine and growth
factor receptors and signaling molecules such as those regu-
lated by the Src kinase, the Ras/MAPK pathway, and the PI3K
pathway (17). Recent data obtained in mammary tumor cells
demonstrated a new role for JAK2 in the nucleus in preventing
proteosomal degradation of transcription factor (18). In the ste-
roidogenic tissues, JAK2 was proposed to act in hormonal sig-
naling triggering increased steroidogenesis. Indeed, JAK2 was
shown to be involved in the angiotensin-dependent stimulation
of Star transcription and progesterone production in the
H295R cell line. However the molecular targets of JAK2 re-
mained unidentified in this process (19). More recently, bro-
mocriptine-induced hypoprolactinemia was shown to decrease
the stressed induced STAT5 phosphorylation in adrenal gland
in Hatano high avoidance rats that display hyperreactivity to
stress. These data suggest that PRL acts on the adrenal cortex to
regulate adrenocortical function even though the molecular
link between PRL/STAT5 and steroidogenic genes has not yet
been established (20). Here, using mutant Prlr mice and both
cell lines and adrenocortical primary culture, we show that PRL
has no significant effect on adrenal steroidogenesis in vivo and
in vitro. However our data demonstrate that JAK2 controls
adrenal steroidogenesis. This activity relies on a cross-talk
between JAK2 and the PKA signaling pathway through control
of the stability of the activated CREB protein.

EXPERIMENTAL PROCEDURES

Chemicals—ACTH (fragment(1–24)), 8-Br-cAMP, purified
ovine PRL, recombinant ovine PRL, forskolin, H89, PD98059,
leptomycin B, and MG132 were purchased from Sigma-
Aldrich. Tyrphostin AG490 was purchased from Calbiochem.
Recombinant human PRL was kindly provided by Dr. Vincent
Goffin (INSERM, Paris).
Experimental Animals—Five-month-old wild-type and

Prlr�/� male mice (129/Sv) were generated by crossing
heterozygous mice (21). The progeny was classified by PCR
analysis of DNA extracted from tails clipping as described pre-
viously (22). Mice were housed under normal laboratory con-
ditions in a 12-h day/night cycle at 21 °C and relative humidity
50% with food and water ad libitum. Restraint experiments
were carried out in a 50-ml conical tube for 30 min before
euthanasia. For food deprivation experiments, Prlr�/� and
Prlr�/� mice were divided randomly into fed and 24-h fasted
groups. Lipopolysaccharide (Escherichia coli 0127:B8, Sigma)
in 2% FCS was injected intraperitoneal at a dose of 1 mg/kg at
2 p.m., 6 h before euthanasia. Animals were killed by decapita-
tion, and trunk blood was collected in 0.5 M EDTA-treated
tubes and followed by centrifugation. Plasmawas separated and
stored at �80 °C until assayed for ACTH and corticosterone.
Experimental procedures were in agreement with the guide-
lines of the animal ethic committee of the ministère de
l’agriculture.
Adrenal Cell Cultures—Eight-week-old male Wistar rats

weighing 300–350 g were killed by CO2 anesthesia. Adrenals
were rapidly removed, and the medulla was separated from the
cortex by squeezing the gland after making an incision through
the capsula. Adrenal cortex were cut into three or four pieces.

Tissue fragments were incubated in Hanks’ balanced saline
solution for 20 min at 37 °C in the presence of collagenase type
I (1 mg/ml) (Sigma-Aldrich). Dispersed cells were pelleted, and
the remaining tissues were submitted to three or four repeated
collagenase incubations until digestionwas complete. Superna-
tant of cortical viable cells was pooled and seeded at the density
of 400,000 cells/well in polylysine-coated 6-well plates and
maintained at 37 °C, 5% CO2 in DMEM-Ham’s F12 medium
(DF12) containing 100 units/ml penicillin and 100�g/ml strep-
tomycin supplementedwith 2.5% calf serum, 2.5% horse serum,
insulin (10 �g/ml), transferrin (5.5 �g/ml), selenium (6.7
�g/ml) (ITS; Invitrogen) for 2 days. Cells were starved for 24 h
in minimum medium (without serum) before the addition of
hormones and reagents at times and concentration indicated in
the figure legends. The murine ATC1 cell line established from
adrenocortical tumors of transgenic mice harboring the Large
T antigen of SV40 under the control of the adrenocortical spe-
cific promoter of Akr1b7 gene (23) was grown under the same
conditions as described for rat primary culture.
Hormonal Assays—Corticosterone released in culture me-

diumwas determined by RIA using a commercially available kit
(ICN Biomedicals). ACTH dosage in plasma or in various
sources of PRL (purified from pituitary or recombinant) were
performed by solid phase, two-site sequential chemilumines-
cent immunometric assay (Siemens Healthcare Diagnostic
SAS, Saint-Denis, France) using an Immulite 2000 analyzer.
cAMP Assays—Corticosterone from murine plasma or re-

leased in culture media were determined by RIA using a com-
mercially available kit (ICN Biomedicals). ACTH from murine
plasmawas determined by ELISA in the biological laboratory of
Clermont-Ferrand Hospital (CHRU). An intracellular cAMP
assaywas performed using a sensitive protein-binding enzymo-
immunoassay kit (Cayman Chemicals). For this assay, ATC1
cells were plated at a density of 400,000 cells in 6-well dishes in
Complete medium. After 24 h, the cells were incubated for 1 h
at 37 °C in serum-free medium containing 0.5 mM 3 isobutyl-1-
methylxanthine (Sigma-Aldrich) and treated for 20 min with
10�9 M ACTH. Additional inhibitor AG490 and was added 7 h
before treatment with ACTH. The reaction was stopped by
adding 0.1 N HCl and incubated at room temperature for 20
min. The cells were scraped and transferred to a 1.5-ml tube
and centrifuged for 10 min at 1000 � g. The supernatant was
used to assay for cAMP.
RT-PCR—Total RNA was isolated from ATC1 cells and rat

adrenal primary culture with TRIzol (Invitrogen) according to
the manufacturer’s instructions and reverse transcribed by
Moloney murine leukemia virus reverse transcriptase (Pro-
mega) and amplified using TaqDNA polymerase (Promega) as
described previously (23). Nucleotide sequences of the
specific primers used were: Prlr forward, 5�-GAGAAAAACA-
CCTATGAATGTC-3� and reverse 5�-AGCAGTTCTTCAG-
ACTTCC-3�; �-actin forward, 5�-CGTGGGCCGCCCTAGG-
CACCA-3� and reverse, 5�-TTGGCCTTAGGGTTCAGGG-
GGG-3�. The primer pairs yielded PCR products of 647 bp and
242 bp for Prlr and �-actin, respectively. PCR consisted of 20
cycles of the following steps: denaturation for 45 s at 94 °C,
annealing for 45 s at 54 °C, extension for 45 s at 72 °C. PCR
product was resolved on a 1.5% agarose gel.
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Cell Transfection—Transfections in ATC1 cells were con-
ducted in 6-well plates using Metafectene reagent (Biontex
Laboratories GmBH) according to the manufacturer’s instruc-
tions. ATC1 cells were seeded at a density of 400,000 cells/well
and transfected in serum-free medium for 12 h and then incu-
batedwith 10�7 MACTHor 1mM8-Br-cAMP in the absence or
in presence of 30 �M AG490 JAK2 inhibitor reagent for time
indicated in the figure legends. The luc reporter constructs
transfected inATC1 cells were driven either bymurine Star, rat
somatostatin regulatory regions, or a construct containing six
STAT5a binding sites upstream to the minimal thymidine
kinase gene promoter: �966 Star-luc and �113 Star-luc were
provided by Dr. D. Mangelsdorf (University of Southwestern
Medical Center, Dallas, TX), �65 somatostatin-luc containing
a cAMP response element in �48 bp was provided by Prof. J.
Bertherat (Institut Cochin, Paris). A construct containing six
binding sites for STAT5 associatedwith theminimal thymidine
kinase promoter was named LHRE (lactogen hormone
response element) tk luc (24). In co-transfection experiments,
250 ng of either plasmid encoding the constitutively active
STAT5 a mutant under the control of RSV promoter (25) or
corresponding pRSV empty vector was used with 2 �g of
reporter gene and 2 ng of pRLSV40 (Promega). Luciferase and
Renilla assays were performed as described previously (26) in
an automated luminometer with Genofax A and Genofax B
reagents (Yelen). Each experiment was performed in quadru-
plicate and repeated at least three times. All data are expressed
as means � S.D.
RNA Interference—A 21-nucleotide small interfering RNA

(siRNA) duplex targeting mouse JAK2 RNA was custom syn-
thesized by Dharmacon. The antisense oligonucleotide as
ordered was 5�P-GAAACUUCAGAUACUCUCCUU with 3�
UU overhangs and targets the sequence GGAGAGUAUCU-
GAAGUUUC corresponding to nucleotides 247–265 at the
N-terminal region of the JAK2 protein (amino acids 52–58).
The control nontargeting siRNA (UAGCGACUAAACACAU-
CAA) with 3�UU overhang was obtained from Dharmacon.
Transfection of siRNA duplexes was carried out using Meta-
fectene (Biontex) according to themanufacturer’s instructions.
Twodays after transfection,mediumwas collected for corticos-
terone assay, and the cells were harvested for cellular extract
preparation or luciferase assay. RNA interference using a CREB
siRNA previously described (27) was performed for gene
reporter studies in ATC1. Per well, 200 nM CREB siRNA or
Scramble siRNA was transfected for 24 h prior to transfection
with 2 �g of reporter gene. Twelve hours after transfection,
cells were treated with 10�9 M ACTH for 16 h, and luciferase
assays were performed as described below. For STAT5a knock-
down, 200 nM STAT5 siRNA or Scramble (Cell Signaling) was
transfected for 36 h prior to transfection with 2 �g of reporter
gene. Six hours after reporter gene transfection, cells were
treated for 12 h (or 30 min for Western blot analysis) without
human recombinant 10�8 M PRL. Each experiment was per-
formed in triplicate and repeated at least three times. All data
are expressed as means � S.D.
Cellular Extracts and Immunoprecipitation—Cell samples

were homogenized and incubated for 20min in ice-cold extrac-
tion buffer containing 50mMTris (pH7.5) 300mMNaCl, 10mM

MgCl2, 0.4% Nonidet P-40, 1 mM NaF, 1 mM VO4Na3, 1 mM

DTT, and protease inhibitors mixture (Complete protease
inhibitormixture tablets; Roche Diagnostics). After centrifuga-
tion for 15 min at 2000 rpm, the concentration of soluble pro-
teins was determined by the Bradford method (Bio-Rad). Then
800 �g of proteins from the supernatant were used for immu-
noprecipitation with anti-CREB (Cell Signaling) and anti-JAK2
(Upstate) antibodies and proteinA-Sepharose (AmershamBio-
sciences) before Laemmli sample buffer treatment.
Subcellular Fractionation—ATC1 cells (5 �107 cells) were

scraped gently in PBS-10% glycerol (v/v) and washed in a hypo-
tonic buffer A (50mMNaCl, 20mMHEPES (pH7), 1mMEDTA,
0.25 mM EGTA, 0.5 M sucrose) containing 1� protease inhibi-
tor mixture (Complete), 1 mM NaF, and 1 mM VO4Na3. They
were then resuspended and incubated on ice for 30 min in
buffer A plus 0.5% Nonidet P-40. Centrifugation at 5000 rpm
for 10 min was performed to separate nuclei from the other
remaining cellular compartments (supernatant). The superna-
tant was collected, and nuclei were washed four times with the
Complete hypotonic buffer and then were lysed by homogeni-
zation and incubation in hypertonic buffer (bufferAwith 0.45M

NaCl) for 10 min at 4 °C. Centrifugation at 12,000 rpm for 20
min was then performed to isolate nuclear soluble proteins
from chromatin. Thirty �g of total proteins from whole cell
extracts or nuclear or supernatant fraction were analyzed by
Western blotting.
Western Blot Analysis—Western blotting was performed as

described previously (23). Blots were incubated at 4 °C with
primary polyclonal antibodies against Sr-b1 (gift from C.
Sérougne, Université Paris-Sud, 1/2000e), JAK2 (Cell Signaling,
1/1000e), Phospho-JAK2 (Tyr1007/Tyr1008; Cell Signaling,
1/1000e), CREB (Cell Signaling, 1/1000e), Phospho-CREB
(Ser133) (Cell Signaling, 1/1000e), SF1 (1/2000e) (28), PKA C�
unit (Cell signaling, 1/1000e), STAR (1/5000e) (29), and �-actin
(Sigma Aldrich, 1/3000e) or monoclonal phosphotyrosine Py
(Upstate, 1/1000e). Primary antibodies were detected with a
secondary antibody conjugated to peroxidase (PARIS). Peroxi-
dase activity was detected with the enhanced chemolumines-
cence system (ECL, PerkinElmer Life Sciences).
Statistical Analysis—For comparison between two groups,

the unpaired two-tailed Student’s t test was performed. One-
way ANOVA followed by the Student-Newman-Keuls proce-
dure was used to compare more than two groups.

RESULTS

JAK2 but Not PRL Controls Corticosterone Production—
Transduction of prolactin signaling involves a specific mem-
brane receptor (PRLR) expressed in adrenal cortex (12).
Consequences of the genetic ablation of the PRLR on the pitu-
itary-adrenal axis were analyzed by measuring morning (8:00
a.m.) and evening (5:00 p.m.) plasma corticosterone andACTH
concentrations in PRLR-deficient mice (Prlr�/�) compared
with wild-type males. These in vivo experiments showed no
differences between Prlr�/� and Prlr�/� males for plasma lev-
els of corticosterone (17.2 � 20.4 ng/ml versus 21.7 � 13.6
ng/ml at 8:00 a.m. and 32.5 � 14.7 ng/ml versus 41.8 � 10.9
ng/ml at 5:00 p.m.) and ACTH (331 � 131 pg/ml versus 354 �
156 pg/ml at 8:00 a.m. and 518 � 141 pg/ml versus 565 � 110
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pg/ml at 5:00 p.m.) indicating that PRL signaling did not affect
the basal activity of the pituitary-adrenal axis. To explore a pos-
sible direct effect of PRL on adrenal cortex activity, corticoster-
one production in response to human or ovine recombinant
PRL was assayed in primary culture of rat adrenocortical cells
andmurine adrenocortical cell line (ATC1). PRL treatment did
not stimulate corticosterone release by rat adrenocortical pri-
mary cells or murine ATC1 cells (Fig. 1A) despite expression of
PRLR (Fig. 1B) in both cell lines.

It has been postulated that ACTH-induced corticosterone
production could be enhanced by PRL (10). However, in our

experiments addition of PRL (10�8 to 10�7 M) did not
enhance the effect of increasing concentrations of ACTH
(10�11 to 10�9 M) on corticosterone secretion by primary
cells from rat adrenals (supplemental Fig. S1). The discrep-
ancy between our observations and published data is likely a
result of contamination batches of purified extractive PRL
from ovine pituitary (Sigma-Aldrich) with a high concentra-
tion of ACTH (supplemental Table S1). These unexpected
results were observed on multiple batches of purified PRL.
Therefore, data generated with this compound require cau-
tious interpretation.

FIGURE 1. Corticosterone production is controlled by JAK2 under basal and ACTH conditions. A and C, rat adrenal primary culture (A) or ATC1 cells (A and
C) were incubated for 7 h with (�) or without (�) the AG490 JAK2 inhibitor or the H89 PKA inhibitor in presence of ACTH or human or ovine recombinant PRL
for the last 6 h. Corticosterone productions in culture medium were assayed by RIA. Each value represents the mean of six independent experiments � S.D.
(error bars) (*, p � 0.05; **, p � 0.1 compared with dimethyl sulfoxide- (inhibitor-free) treated cells under respective hormonal condition). B, expression of long
form of PRL receptor normalized to expression of �-actin in ATC1 cells and rat adrenal primary culture. D, cAMP levels are not modulated by JAK2 inhibitor.
Effects of AG490 on the basal and ACTH induced levels of intracellular cAMP were measured after incubation of ATC1 cells with 0.5 mM isobutyl-1-methylxan-
thine. Each value represents the mean of six independent experiments � S.D. *, p � 0.05 compared with basal condition.
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Although, PRL per sehadno effect on corticosterone produc-
tion, treatment with the selective JAK2 inhibitor AG490 signif-
icantly reduced both basal and ACTH/cAMP-stimulated corti-
costerone release by either primary cells orATC1 cells (Fig. 1,A
andC). InATC1 cells, AG490was at least as efficient as the PKA
inhibitor H89 in repressing the basal or stimulated corticoster-
one secretion (Fig. 1C). Given the prominent role of the cAMP
pathway in controlling adrenal cortex steroidogenesis activity,
we wondered whether cAMP levels could be directly modu-
lated through a JAK2-dependent mechanism in ATC1 cells
(Fig. 1D). Neither basal nor ACTH-induced cAMP levels were
affected by AG490 treatment, suggesting that JAK2 contribu-
tion was downstream from cAMP production. LH signaling
was shown to induce JAK2 phosphorylation in the ovarian fol-
licular cells (30), suggesting that similarly, ACTH could influ-
ence phosphorylation of JAK2 as a prerequisite for its func-
tional activity. Therefore, we evaluated JAK2 phosphorylation
in response to ACTH stimulation in ATC1 cells and primary
adrenal cell culture. As expected, recombinant PRL induced
JAK2 phosphorylation in our experiments. However, the JAK2

phosphorylation level remained unaltered by ACTH treatment
in both cell types. In our experiments, unlike PRL, ACTH had
no effect on JAK2 phosphorylation tested in either primary cul-
tures or theATC1 line (supplemental Fig. S2). Altogether, these
data demonstrate that JAK2 but not PRL is involved in modu-
lation of glucocorticoid production by adrenocortical cells
through effects downstream from cAMP production.
JAK2-mediated Steroidogenesis Depends on CREB Factor—

STAR is the rate-limiting enzyme of steroid hormone biosyn-
thesis, so we investigated the impact of JAK2 activity on Star
gene transcription. ATC1 cells were transiently transfected
with the luciferase reporter constructs driven by mouse Star
5�-flanking regulatory sequences. As expected, transcriptional
activities driven by both the 966-bp or the proximal 113-bp
promoter constructs were efficiently stimulated by either
ACTH or cAMP (Fig. 2A). Moreover, basal and ACTH- and
cAMP-stimulated activities were all inhibited by AG490.
Hence, these data strongly suggested that the effect of JAK2
occurs at a transcriptional level. Functional cooperation
betweenmultiple cis-elements located in the proximal region of

FIGURE 2. JAK2 modulates basal and cAMP-induced transcriptional activities driven by the murine Star or rat somatostatin gene promoters. A, ATC1
cells were transfected with reporter constructs controlled by the 966 bp or 113 bp of the murine wild-type Star promoter and were treated or not for 17 h with
AG490 in the presence or absence of ACTH or cAMP for the last 16 h. Results are expressed relative to the luciferase activity value under basal culture condition
and represent the mean � S.D. (error bars) of three independent experiments performed in quadruplicate (*, p � 0.05 compared with ACTH or 8-Br-cAMP
(inhibitor-free)-treated cells). B, schematic represents 113 proximal bp of the murine Star gene promoter and the 65 proximal bp of the rat somatostatin gene.
For each construct, gray boxes represent CRE displaying a CREB-protein binding activity previously demonstrated (3, 31). C, ACTH responsiveness of the �113
Star gene promoter is controlled by CREB protein in ATC1 cells. ATC1 cells were transfected with CREB siRNA or Scramble siRNA for 24 h prior to transfection
with the �113 Star/luc construct and treated or not with ACTH for 16 h prior to harvesting. Results represent three independent experiments performed in
triplicate. Data are expressed as means � S.D. (*, p � 0.05 compared with ACTH-treated cells transfected with Scramble siRNA). In the same experiment Western
blot analysis was performed on the cellular extracts to confirm specific CREB knockdown by the CREB siRNA and effect on endogenous STAR levels. The blots
were incubated with the anti-Ser(P)133-CREB, STAR, and �-actin antibodies. D, to test the ability of the JAK2 inhibitor to repress a CREB protein-dependent
promoter transcriptional activity, ATC1 cells were transfected with the �65 somatostatin/luc construct and treated with ACTH or 8-Br-cAMP for the last 16 h
without AG490. Results are expressed relative to the luciferase activity value under basal culture condition and represent the mean � S.D. of three independent
experiments performed in quadruplicate. *, p � 0.05 compared with basal or ACTH- or 8-Br-cAMP inhibitor-free-treated cells, respectively.
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Star promoter is essential for cAMP responsiveness. These ele-
ments include three CRE half-sites able to bind several mem-
bers of the CREB family (3, 4) (Fig. 2B). However, a specific role
for CREB in Star transcription had not been directly evaluated.
To specify the role of CREB, the 113-bp promoter construct
was transfected in ATC1 cells together with CREB siRNA
duplexes (see “Experimental Procedures”). Transfection of the
CREB siRNA inhibited basal andACTH-induced Star proximal
promoter activity by 60 and 77%, respectively (Fig. 2C). This
result demonstrated that CREB was essential to basal and hor-
monal responsiveness of the Star proximal promoter. The
molecular mechanisms governing cAMP-induced CREB activ-
ities have been studied extensively through its ability to bind
and activate the cAMP-response element in the promoter of
the neuropeptide somatostatin gene (31, 32). To confirm the
role of JAK2 on the transcription of another CREB-dependent
gene, ATC1 cells were transfected with the rat somatostatin
CRE containing a minimal promoter construct and exposed to
AG490 in the presence or absence of ACTH or cAMP. Basal
and ACTH- and cAMP-stimulated activities of the somatosta-
tin promoterwere repressed byAG490, confirming the effect of
JAK2 on CREB-dependent transcription (Fig. 2D). Down-
stream canonical substrates of the JAK2 kinase are STAT pro-
teins. Involvement of STAT5a in JAK2-mediated transcrip-
tional activities of the 113-bp and 966-bp Star promoters were
analyzed in ATC1 cells by co-transfection of a constitutively
active STAT5a (STAT5a ca)-expressing vector (Fig. 3A). As
expected, activity of the control reporter construct driven by
the LHRE containing six STAT5 binding sites was strongly sim-
ulated by STAT5a ca. By contrast, no significant variation was
observed for transcription of the reporter constructs driven by
the Star or the somatostatin gene promoters. We concluded
that JAK2-mediated CRE-dependent gene transcription did
not rely on STAT5a. These data were confirmed by STAT5a
silencing analysis (Fig. 3B). Indeed, STAT5a knockdownhad no
effect on the �966-bp Star promoter activity in ATC1 cells
treated without PRL, whereas it strongly affected PRL respon-
siveness of the LHRE tk/luc construct. Previously published
data provided evidence that JAK2 was involved in magnolol-
induced Star gene transcription and acted as the upstream reg-
ulator of the MEK-ERK pathway that in turn controlled the
phosphorylation of CREB (33). However in our experiments,
adrenocortical cell exposure to PD98059 (MAPK inhibitor) had
no effect on ACTH-stimulated STAR protein expression (sup-
plemental Fig. S3).
To confirmdirectly the specific involvement of JAK2 in adre-

nocortical steroidogenic activity, we performed knock-down
experiments using JAK2 siRNA duplexes (see “Experimental
Procedures”). Basal corticosterone release from siRNA-
transfected ATC1 cells was decreased by 60% compared with
Scramble siRNA-transfected cells (Fig. 4A). This was in agree-
ment with data obtained with the pharmacological inhibitor
AG490. Interestingly, JAK2 knockdown resulted in a strong
reduction of both Ser133-phosphorylated CREB (Ser(P)133-
CREB) and STAR protein levels and to a lesser extent in total
CREB levels (Fig. 4B). These data strongly suggested that JAK2
promoted corticosterone production at least by maintaining

phospho-CREB levels which in turn stimulated Star gene
expression.
Recent studies reported a role of JAK2 in protecting proteins

against proteasomal degradation (18, 34). This suggested that
JAK2 could protect CREB from degradation through a similar
mechanism. To test this hypothesis, adrenocortical cells were
exposed to AG490 in the presence of either the proteasome
inhibitor MG132 or the nuclear export inhibitor leptomycin to
prevent proteosomal degradation through nuclear sequestra-
tion. In agreement with JAK2 siRNA experiments, AG490
treatment specifically disrupted basal and ACTH-induced
Ser(P)133-CREB accumulation in both ATC1 cells and primary

FIGURE 3. The CREB-dependent STAR or rat somatostatin promoter con-
struct transcriptional activities are not responsive to the STAT5a. A, to
examine a direct role of the JAK2/STAT5 pathway on the �65 somatostatin
gene �966 and �113 Star promoter transcriptional activity, co-transfection
experiments in ATC1 cells in basal conditions were performed with either 250
ng of plasmid encoding the constitutively active STAT5a mutant or corre-
sponding pRSV empty vector together with reporter construct. As control,
transfection with a reporter construct containing six binding sites for STAT5a
associated with the minimal thymidine kinase promoter named LHRE was
included in the experiment. After the end of transfection, cells were grown for
24 h in basal medium before being harvested for luciferase assay. Results are
expressed relative to the luciferase activity value obtained for transfection of
each reporter gene with the RSV empty vector. Each bar represents the
mean � S.D. (error bars) of six independent experiments performed in quad-
ruplicate. *, p � 0.05 compared with transfection with RSV empty vector. B,
upper, the �966 Star promoter activity is not controlled by STAT5a in ATC1
cells. ATC1 cells were transfected with STAT5a siRNA or Scramble siRNA 36 h
prior to transfection with the �996 Star/luc construct and were treated with
or without hPRL for 12 h prior to harvesting. Results represent three inde-
pendent experiments performed in triplicate. Data are expressed as means �
S.D. (*, p � 0.05 compared for each reporter construct with PRL-untreated
cells transfected with Scramble siRNA). Lower, Western blot analysis was per-
formed on ATC1 cell extracts to confirm specific STAT5 knockdown by the
STAT5 siRNA.
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cells although it did not alter total CREB nor the SF1 and the
PKA catalytic subunit � (C�) levels (Fig. 4C). As expected,
transfection experiments showed that MG132 exposure pre-
vented AG490-mediated repression of the transcriptional
activity of the �113 Star promoter construct in both basal and
ACTH conditions (Fig. 4D). Taken together, these data show
that JAK2 prevents early degradation of CREB. This allows
accumulation of Ser133-phosphorylated CREB, which main-
tained basal and ACTH induced Star transcription.
JAK2 andCREB Interact in the Same Protein Complex—Both

MG132 and leptomycin treatments prevented the deleterious
effects of AG490 on Ser(P)133-CREB levels. This indicated that
JAK2 could be involved in nuclear sequestration of CREB
thereby preventing its proteosomal degradation. Subcellular

protein fractions of ATC1 cells were analyzed byWestern blot-
ting. This confirmed the presence of P-JAK2 and CREB in the
same nuclear fraction (Fig. 5A). Detection of the cytoplasmic
scavenger receptor class B type 1 (SR-B1) and the nuclear pro-
tein SF1 allowed confirmation of the quality of cell fraction-
ation. Because nuclear JAK2 seemed to be involved in the reg-
ulation of CREB stability, we hypothesized that CREB may be
phosphorylated on tyrosine residues. Whole cell extracts from
ATC1 lines were immunoprecipitated with an anti-CREB anti-
body and subsequently Western blotted with an anti-Tyr(P)
antibody (Fig. 5B). These experiments revealed that CREB was
actually tyrosine-phosphorylated. Importantly, tyrosine phos-
phorylation was decreased when the cells were treated with
AG490 (Fig. 5C). Co-immunoprecipitation experiments fur-

FIGURE 4. JAK2 mediates basal or ACTH-induced steroidogenesis by preventing phosphorylated CREB from proteosomal degradation. A, basal
corticosterone production by ATC1 cells transiently transfected with either Scramble siRNA or JAK2 siRNA and analyzed by RIA. Each bar represents the mean �
S.D. (error bars) of four independent experiments (*, p � 0.05). B, Western blot analysis of cellular extracts of ATC1 cells transiently transfected with either
Scramble siRNA or JAK2 siRNA as indicated. The blots were incubated with anti-JAK2, anti-phosphorylated JAK2, anti-phosphorylated CREB protein, anti-CREB
protein, anti-STAR, and anti-�-actin antibodies. C, Western blot analysis of cellular extracts of ATC1 cells or rat adrenal primary culture treated either with the
AG490 for 17 h without the proteasome inhibitor MG132 or the nuclear export inhibitor leptomycin B for the last 16 h (ATC1), or with the AG490 for 17 h without
MG132 (adrenal primary culture), respectively. Effect of AG490 treatment in adrenal primary culture was also analyzed after ACTH exposure for the last 5 min
before harvesting the cells. The blots were incubated with anti-phosphorylated CREB, anti-CREB, anti-phosphorylated JAK2, anti-SF1, and anti-catalytic subunit
of the PKA (C�) antibodies. D, MG132 antagonizes the AG490 inhibition of the CREB-dependent transcriptional activity of �113 Star construct. ATC1 cells were
transfected with the �113 Star construct and treated with ACTH for the last 16 h without AG490 or MG132. Results are expressed relative to the luciferase
activity value under basal culture condition and represent the mean � S.D. of three independent experiments performed in quadruplicate. *, p � 0.05
compared with AG490-treated cells.
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ther demonstrated that JAK2 and CREB proteins were present in
the same protein complex. Taken together, these results suggest
that JAK2 tyrosine activity occurs in the same nuclear protein
complex as CREB. This interactionmay prevent the early proteo-
somal degradation of the Ser(P)133-CREB isoform, thus allowing
its PKA-induced transcriptional activity on target genes.

DISCUSSION

PRL is essential for lactation initiation but is also involved
altogether with other hormones in the control of numerous
subsequent functions includingmetabolism, reproduction, and
endocrinology (35, 36). Themechanisms bywhichPRL is impli-
cated in the regulation of the hypothalamo-pituitary-adrenal
axis remains to be specified. At the hypothalamic level, it has
recently been suggested that PRL exerts dual actions on hypo-
thalamo-pituitary-adrenal axis activity. It directly stimulates
ERK/MAPK activity on the corticotropic hormone gene tran-
scription in the paraventricular nucleus and exerts indirect
inhibitory actions through modulation of neural pathways to
the paraventricular nucleus to modulate plasticity of the neu-
roendocrine system during lactation (37). Whether PRL acts

directly on pituitaryACTHproduction is controversial because
(i) bromocriptine-responsive Cushing disease is rare (38, 39),
(ii) hyperprolactinemia and bromocriptine-induced hypopro-
lactinemia do not influence plasma ACTH levels (40, 41) even
though the presence of PRLR on corticotroph cells has been
established (42). Furthermore, it is not clear whether the stabi-
lization of ACTH levels by bromocriptine or cabergoline in
Nelson syndrome is rather ascribed to an indirect effect of dop-
aminergic-induced hypoprolactinemia or a direct dopaminer-
gic effect through the abnormal expression of the D2 receptor
in some corticotroph tumor cells (43).
Several studies using primary cultures have reported that

PRL could act directly on the adrenal gland to enhance gluco-
corticoid production from adrenals of different mammals,
including mouse or human (10–12, 44). Data obtained from in
vivo pharmacological models are still ambiguous due to diffi-
culties to dissociate direct adrenal responses from those of
hypothalamo-pituitary axis to PRL or bromocriptine manipu-
lations. Indeed, its has recently been shown that bromocriptine
can directly inhibit steroid production in the adrenal through
D2 receptors expressed in the three cortical zones (45, 46).
In the present study, in vivo PRL control of adrenal glucocor-

ticoid production was investigated using Prlr-deficient mice.
Our results showing unaltered basal corticosterone or ACTH
plasma levels in this mouse model rule out the possibility that
PRL controls basal glucocorticoid production. Production of
PRL is increased during stress in rodents (10). A role of PRL in
increasing ACTH sensitivity is therefore a reasonable assump-
tion. However, we did not observe alterations of corticosterone
andACTHplasma levels in Prlr�/�mice submitted to restraint
stress compared with wild-type animals (supplemental Fig. S4).
We further attempted to reveal hypothetical PRL-mediated
adrenal responses using rat adrenal primary cultures or mouse
adrenal cell lines. Although recombinant PRL (10�7 to 10�8 M)
was able to activate the JAK2/STAT5-coupled PRLR signaling
pathway both in primary adrenal cells and mouse ATC cells, it
did not influence basal andACTH-induced corticosterone pro-
duction or Star gene transcription. To our surprise, initial
experiments with ovine pituitary-purified PRL showed that this
hormone was as efficient as ACTH in stimulating corticoster-
one release (47). Therefore, we analyzed ACTH concentration
in several batches of purified PRL. These experiments showed
that all batches of ovine PRL were highly contaminated with
ACTH. This presumably reflects inappropriate separation and
purification of hormonal products from the pituitary. It is
therefore important to exercise care when interpreting data
generated through the use of ovine purified PRL. Altogether,
these results showed that PRL does not exert a direct control on
corticosterone production in rodents.
Surprisingly, analysis of corticosterone production by iso-

lated adrenal cells provided clear evidence that unlike PRL,
JAK2 was involved in basal and ACTH-induced steroidogene-
sis. Previous data have already reported an early role of JAK2 in
themediation of hormone effects through action on G protein-
coupled receptors including angiotensin receptor AGTR 1a in
adrenocortical cells (19) or LH receptor LHCGR in ovarian cells
(30). In follicular cells, JAK2 tyrosine phosphorylation was
increased in response to LH. In this case, JAK2 involvementwas

FIGURE 5. Active JAK2 is found in the nucleus and interacts with CREB
protein. A, cytoplasmic and nuclear extracts were prepared from ATC1 cells
by cellular fractionation and subjected to Western blot analysis. The blots
were incubated with anti-scavenger receptor class B type 1 (Sr-b1), anti-CREB,
and anti-SF1 primary antibodies. B, whole cell extracts of ATC1 cells treated or
not with 0.1 �M ACTH for 10 min were immunoprecipitated (IP) with JAK2
antibody or CREB antibody and subsequently Western blotted (IB) with anti-
CREB or anti-JAK2, or anti-Tyr(P) antibodies. C, whole cell extracts of ATC1
cells treated or not with 30 �M AG490 for 6 h were immunoprecipitated with
CREB antibody or nonimmune rabbit IgG and subsequently Western blotted
with CREB or Tyr(P) antibodies.
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mostly associated with hormonally induced signaling pathways
through a cross-talk between JAK2/STAT5 and the PI3K/Akt
pathways, although there was also an association with LH-acti-
vated MAPK pathways.
In adrenocortical cells, JAK2 activation is critical for both ang-

iotensin II and magnolol-stimulated steroidogenesis and Star
expression. This effect of JAK2 is in part mediated through the
MAPK/ERK1/2pathway (19,33)eventhoughthemolecular target
of JAK2was not clearly identified in adrenal cells. Our data rather
support the finding that in adrenocortical cells, activated JAK2
levels are not sensitive to ACTH. They exert an essential control
onbasal andACTH-induced steroidogenesis by interacting with
the PKA through the modulation of CREB protein accumu-
lation. In erythroid cell lines, connections between the
cAMP/PKA/CREB and JAK/STAT5 pathways had already
been reported in the mediation of prostaglandin E2 and
erythropoietin signaling. In this system prostaglandin E2-in-
duced CREB phosphorylation facilitated CBP/P300 recruit-
ment and interaction with STAT5. This in turn resulted in
increased STAT5-dependent transcriptional activity (48).
In the present report, we show that CREB-induced Star tran-

scription is dependent on JAK2 but is independent of STAT5.
Several STAT5-independent strategies are available to allow
control of nuclear proteins by JAK2. Recent data show that in
addition to controlling cyclin D1 gene expression in prolifera-
tive mammary epithelial cells, JAK2 signaling regulates the
accumulation of the cyclin D1 protein in the nucleus by inhib-
iting signal transducers that mediate the phosphorylation (i.e.
Akt/PKB and GSK-3�) and nuclear export of cyclin D1 (49).

Although initially controversial, the nuclear localization of
active JAK2 has been demonstrated by recent studies (18, 50,
51). In mammary epithelial cells, nuclear JAK2 activity had
been shown to regulate the amount of transcription factor
nuclear factor 1-C2 by preventing its association with and sub-
sequent degradation by the proteasome (18). Using pharmaco-
logical inhibitors and specific JAK2 siRNA strategies, we dem-
onstrate that in adrenocortical cells JAK2 acts in the nucleus to
stabilize the Ser(P)133-CREB by preventing its early protea-
somal degradation. This, in turn, allows stimulation of Star
gene transcription. We propose that the mechanisms underly-
ing this action of JAK2 involve tyrosine phosphorylation of
CREB which occurs in a CREB-JAK2 protein complex.
Whether physical interactions between JAK2 and CREB are
direct or indirect remains to be further determined.
In summary, our data demonstrate for the first time that

STAT5-independent nuclear JAK2 signaling plays an essential
role in adrenal steroidogenesis by increasing stability of the
transcriptionally active CREB protein thus allowing expression
of CREB steroidogenic target genes.

Acknowledgments—We thank Prof. J. Bertherat (Institut Cochin,
Paris) for the rat Somatostatin promoter reporter construct, Dr. D.
Mangelsdorf (Southwestern Medical Center, Dallas, TX) for the
murine Star promoter reporter constructs, Dr. V. Goffin (INSERM,
Paris) for the recombinant human prolactin, and Dr. G. Marceau
(Centre Hospitalier Universı́taire Gabriel Montpied, Clermont-Fer-
rand) for the ACTH assays.

REFERENCES
1. Stocco, D. M., Wang, X., Jo, Y., and Manna, P. R. (2005)Mol. Endocrinol.

19, 2647–2659
2. Manna, P. R.,Wang, X. J., and Stocco,D.M. (2003) Steroids 68, 1125–1134
3. Manna, P. R., Dyson, M. T., Eubank, D. W., Clark, B. J., Lalli, E., Sassone-

Corsi, P., Zeleznik, A. J., and Stocco, D. M. (2002) Mol. Endocrinol. 16,
184–199

4. Manna, P. R., Eubank, D.W., Lalli, E., Sassone-Corsi, P., and Stocco, D.M.
(2003) J. Mol. Endocrinol. 30, 381–397

5. Ehrhart-Bornstein, M., Hinson, J. P., Bornstein, S. R., Scherbaum, W. A.,
and Vinson, G. P. (1998) Endocr. Rev. 19, 101–143

6. Mimou, N., and Takeda, R. (1992) Endocrinol. Jpn. 39, 185–196
7. Goebel, S., Dietrich, M., Jarry, H., and Wuttke, W. (1992) Endocrinology

130, 914–919
8. Kau, M. M., Chang, L. L., Kan, S. F., Ho, L. T., and Wang, P. S. (2002)

J. Investig. Med. 50, 101–109
9. Sautin, Y., Chelnakova, I. S., Tronko, N. D., and Mikosha, A. S. (1992)

Endocr. Regul. 26, 35–39
10. Jaroenporn, S., Nagaoka, K., Kasahara, C., Ohta, R., Watanabe, G., and

Taya, K. (2007) Endocr. J. 54, 703–711
11. Kaminska, B., Opalka, M., Ciereszko, R. E., and Dusza, L. (2000) Domest.

Anim. Endocrinol. 19, 147–157
12. Glasow, A., Breidert, M., Haidan, A., Anderegg, U., Kelly, P. A., and Born-

stein, S. R. (1996) J. Clin. Endocrinol. Metab. 81, 3103–3111
13. Ouhtit, A., Morel, G., and Kelly, P. A. (1993) Endocrinology 133, 135–144
14. Kero, J., Poutanen, M., Zhang, F. P., Rahman, N., McNicol, A. M., Nilson,

J. H., Keri, R. A., and Huhtaniemi, I. T. (2000) J. Clin. Invest. 105, 633–641
15. Clevenger, C. V., Gadd, S. L., and Zheng, J. (2009) Trends Endocrinol.

Metab. 20, 223–229
16. Grimley, P. M., Dong, F., and Rui, H. (1999) Cytokine Growth Factor Rev.

10, 131–157
17. Rane, S. G., and Reddy, E. P. (2000) Oncogene 19, 5662–5679
18. Nilsson, J., Bjursell, G., and Kannius-Janson, M. (2006)Mol. Cell. Biol. 26,

5663–5674
19. Li, J., Feltzer, R. E., Dawson, K. L., Hudson, E. A., and Clark, B. J. (2003)

J. Biol. Chem. 278, 52355–52362
20. Jaroenporn, S., Nagaoka, K., Ohta, R., Watanabe, G., and Taya, K. (2009)

Life Sci. 85, 172–177
21. Ormandy, C. J., Camus, A., Barra, J., Damotte, D., Lucas, B., Buteau, H.,

Edery,M., Brousse,N., Babinet, C., Binart, N., andKelly, P. A. (1997)Genes
Dev. 11, 167–178

22. Binart, N., Helloco, C., Ormandy, C. J., Barra, J., Clément-Lacroix, P.,
Baran, N., and Kelly, P. A. (2000) Endocrinology 141, 2691–2697

23. Ragazzon, B., Lefrançois-Martinez, A.M., Val, P., Sahut-Barnola, I., Tour-
naire, C., Chambon, C., Gachancard-Bouya, J. L., Begue, R. J., Veyssière,
G., and Martinez, A. (2006) Endocrinology 147, 1805–1818

24. Goffin, V., Kinet, S., Ferrag, F., Binart, N., Martial, J. A., and Kelly, P. A.
(1996) J. Biol. Chem. 271, 16573–16579

25. Onishi, M., Nosaka, T., Misawa, K., Mui, A. L., Gorman, D., McMahon,
M., Miyajima, A., and Kitamura, T. (1998)Mol. Cell. Biol. 18, 3871–3879

26. Aigueperse, C., Val, P., Pacot, C., Darne, C., Lalli, E., Sassone-Corsi, P.,
Veyssiere, G., Jean, C., and Martinez, A. (2001) Mol. Endocrinol 15,
93–111

27. Mynard, V., Latchoumanin, O., Guignat, L., Devin-Leclerc, J., Bertagna,
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